Genes encoding ribulose-l,5-bisphosphate carboxylase/oxygenase (Rubisco) were cloned from dinoflagellate symbionts (Symbiodinium spp) of the giant clam Tridacna gigas and characterized. Strikingly, Symbiodinium Rubisco is completely different from other eukaryotic (form I) Rubiscos: it is a form II enzyme that is ~6 5 % identical to Rubisco from Rhodospirillum rubrum (Rubisco forms I and II are ~2 5 to 30% identical); it is nuclear encoded by a multigene family; and the predominantly expressed Rubisco is encoded as a precursor polyprotein. One clone appears to contain a predominantly expressed Rubisco locus (rbcA), as determined by RNA gel blot analysis of Symbiodinium RNA and sequencing of purified Rubisco protein.
INTRODUCTION
Symbiodinium is a genus of phototrophic, peridin-containing dinoflagellates that live as endosymbionts (zooxanthellae) in a wide variety of tropical marine invertebrates (reviewed in T-ench, 1987,1992) . For example, all reef-building corals harborand are dependent on-Symbiodinium. As in any phototrophic system, carbon assimilation is central to the energetics of zooxanthella-invertebrate symbioses. Photosynthetic organisms fix COz into organic compounds via the photosynthetic carbon reduction (Calvin-Benson) cycle. The initial and rate-limiting step, in which ribulose-1 5-bisphosphate (RuBP) and COz are converted to two molecules of Sphosphoglycerate, is catalyzed by ribulose-1 ,Bbisphosphate carboxylase/oxygenase (Rubisco; EC 4.1.1.39). Labeling experiments confirmed that Rubisco is the primary COz fixation enzyme in Symbiodinium freshly isolated from a coral (Streamer et al., 1993) .
Despite their ecological significance, relatively little is known about carbon assimilation in dinoflagellates. "Typical" phototrophic dinoflagellates uniquely contain peridinin as the major light-harvesting carotenoid; the few exceptional species may or do contain chloroplasts acquired from other alga1 classes (Gibbs, 1990; Whatley, 1993 These authors contributed equally to this work. To whom correspondence should be addressed.
purified from peridinin-containing dinoflagellates, owing to the enzyme's instability after cell lysis, but inactive protein was purified after labeling it with the tight-binding inhibitor i4C-carboxyarabinitoI bisphosphate . Surprisingly, an initial characterization of proteins from Symbiodinium and from the free-living species Amphidinium carferae indicated similarity with the bacterial form II Rubisco . Recently, a form II Rubisco was also found in the free-living dinoflagellate Gonyaulax polyedra (Morse et al., 1995) . All other known eukaryotic Rubiscos are form I enzymes.
Structurally (reviewed in Tabita, 1988; Hartman and Harpel, 1994) and catalytically (Jordan and Ogren, 1981) , the differences between form I and form II Rubiscos are considerable.
Of particular significance is the much lower specificity of known form II enzymes for COz versus 0 2 (Jordan and Ogren, 1981) , restricting their role in COz fixation to anaerobic environments (Tabita, 1988) . Suppression of Rubisco's oxygenase activity is a major theme in the evolution of oxygenic photosynthesis (e.g., Hatch, 1971; Jordan and Ogren, 1981; Beardall, 1989; Read and Tabita, 1994) , and the involvement of a form II enzyme poses a unique situation. As such, dinoflagellates might provide unique insights into the evolution of photosynthesis.
Here, we report the isolation and characterization of two loci from Symbiodinium-one encoding Rubisco and the other 
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CACTCGCACCCTCATCCTTCTCAATCGTCGTTCTCACTCACTGCCATCCTGATCAGCAGTITATAACTGCATCGGAAAGCGTTCAGGGGGGGGTC~TGG~CG~GT~CT 6 9 0 0 encoding a "Rubisco-like" protein. In every respect, these differ from Rubisco genes in other eukaryotes: Symbiodinium Rubisco is clearly a form II enzyme that is -65% identical with that from Rhodospirillum rubrum (form I and II Rubiscos are only ~2 5 to 30% identical [Narang et al., 19841) ; it is nuclear encoded by a multigene family; and a predominantly expressed enzyme is encoded as a precursor polyprotein. The inferred amino acid sequence of one Symbiodinium gene violates the "rules" established for all other Rubiscos, but it does not appear to be a pseudogene. This Rubisco-like gene demonstrates the evolutionary capacity of a multigene family.
Thus, both known forms of Rubisco participated in the evolution of eukaryotic photosynthesis, and they have followed different genetic pathways. Whereas the origin(s) of eukaryotic form I Rubiscos is discussed with the origin(s) of the plastids that encode them (Martin et al., 1992; Morden et al., 1992; Palmer, 1993) , the history of nuclear-encoded form II enzymes is open to wider speculation. The genetic complexity of Symbiodinium Rubisco may reflect the greater evolutionary potential of a nuclear-encoded as opposed to a plastid-encoded gene, it may be relevant to the physiology of endosymbiosis, and it should provide valuable material for research into this important enzyme.
RESULTS
Amino acid sequences from each of eight Rubisco peptides could be aligned with the form II Rubisco of R. rubrum (alignment not shown). From these data, a polymerase chain reaction (PCR) amplification strategy was designed so that if Symbiodinium and R. rubrum genes were exactly colinear, it would yield 819 bp of a corresponding Symbiodinium gene. Instead, the PCR product was -1000 bp (data not shown). Restriction enzyme-digested Symbiodinium DNA contained many fragments that hybridized to this PCR product (data not shown, but see below); BamHl fragments of -20 and 14 kb were obtained in the vector EMBL3. The two clones, designated rbcA and rbcG, respectively, have different restriction maps (data not shown).
Analysis of rbcA
Rubisco-encoding sequences were localized by DNA gel blotting to an 4 0 -k b EcoRl fragment of rbcA (data not shown), which was sequenced in its entirety. Part of this sequence is presented in Figure 1 . The Rubisco-encoding locus (rbcA), as interpreted here, is summarized schematically in Figure 2 . The predicted protein sequence is presented in Figure 3 .
Protein-encoding regions were inferred by similarity (after conceptual translation) to R. rubrum Rubisco. They occur in three tandem copies (designated genes rbcA1, rbcA2, and rbcA3, in the 5' to 3' direction) that, with the exception of one nonsynonymous substitution in rbcA3 (Asn replaced by Lys; codons at positions 2069,3967, and 5866 in Figure I ), encode identical proteins. There is good agreement between the predicted amino acid sequence and the peptide sequence data (122 matches of 125 amino acids that could be determined with confidence; of seven additional positions at which two amino acids seemed equally likely, rbcA encodes one of those residues in six instances; 1281132 matches = 97%; peptide sequence data presented within parentheses in Figure 3 ). Each gene is interrupted by two introns. lntron 2 accounts for the increased size of the PCR product, compared with the prediction from a bacterial gene (see above).
The N and C termini of the protein encoded by rbcA were assigned from protein sequence data (Figure 3 ; and from an in-frame termination codon (TAG; the universal genetic code has been used in all analyses) in rbcA3, respectively. The N-terminal amino acid was not determined unequivocally (Gly or Arg seemed likely); the rbcA sequence specifies Leu (TTG) at this position. Although this codon might initiate translation, it seems probable that N termini are instead created by proteolytic processing of a larger precursor: rbcAl, rbcA2, and rb& are separated by two identical69-bp "spacers" that link all three genes into one open ,reading frame (ORF). Thus, rbcA appears to encode a polyprotein of at least (the actual translation start site remains unspecified) 1501 amino acids (Figure 3 ), which is processed to yield three Rubisco polypeptides of 485 amino acids each; their calculated molecular mass (53.2 kD) agrees well with the estimate of 56 kD for purified Rubisco subunits .
lntrons (designated by lowercase letters in Figure 1) were confirmed by sequencing a cDNA clone that encodes one complete Rubisco polypeptide. The clone was obtained by PCR amplification of oligo(dT)-primed Symbiodinium cDNA, using the 5'and 3'terminal sequences of rbcA3 for the primers and sequenced completely (S.M. Whitney, unpublished data). The 5' intron (intron 1) is identical in position and similar in sequence (two substitutions) in rbcA2 and rbc43. lntron 1 in rbcAl is different both in sequence and (apparently) in position, with a shift The ORF identified in Figure 1 encodes three Rubisco subunits of 485 amino acids each, separated by spacer peptides (underlined). Sequences obtained directly from Rubisco peptides are presented in parentheses below the first (N-terminal) subunit (where two residues seemed equally likely, both are given; X, residue not identified). Peptide sequences in italics represent the PCR primers used to obtain a partial genomic clone. Amino acids given in boldface letters indicate the positions of introns in rbcA, as given in Figures 1 and 2. by 5 bp in the 3' direction (relative to its position in rbcA2/3), generating agreement with the cDNA and the N-terminal protein sequences. Intron 2 is identical in rbcA1, rbcA2, and rbcA3.
RNA gel blot analyses presented in Figure 4 support the above interpretation of rbcA. Probe H1.9, which includes all three exons, both introns, and the intergenic spacer (probes are diagrammed in Figure 2 ), detected an abundant (implied by the strength of the signal; see Figure 4 legend for details) RNA of ~5200 nucleotides. The same (size of) RNA was also detected by probe 80.45, which includes 5'flanking sequences, by probe SP, which includes most of the 69-bp intergenic spacer and 4 bp of exon 3, and by probe D72, which includes 3' flanking sequences. (Probe D72, which extends 3268 bp beyond the sequence presented in Figure 1 , also hybridizes with an RNA of ~1600 nucleotides; this RNA has not been investigated.) As given in Figure 1 , the ORF encoded by rbcA is 4503 nucleotides, which is ~700 nucleotides smaller than this RNA. This difference can be accounted for by transcribed sequences on the 5' and 3' side (detected by probes 80.45 and D72, respectively). In addition, the efficient selection (~95%) of this RNA by chromatography on oligo(dT) cellulose (data not shown) implies a poly(A) tail.
Sequence differences among rbcA1, rbcA2, and rbcA3 are conspicuous only at the 5' end of rbcAL These include a different intron 1 and nine synonymous nucleotide substitutions (in 20 codons) in exon 1. In comparison, exon 1 is identical in rbcA2 and rbcA3, all three exon 2 sequences (94 codons) are identical, and exon 3 sequences exhibit 11 synonymous substitutions (rbcA1 versus rbcA2) or 14 synonymous and one replacement substitutions (rbcA1 versus rbcA3 and rbcA2 versus rbcAS) in a total of 372 codons. The nonrandom distribution of nucleo- Lane M contains RNA size standards (9488, 6225, 3911, 2800, 1898, 872 , and 562 nucleotides from top to bottom). Other lanes contain 1.6 lig (lane 1) or 3.2 ng (lanes 2 to 5) of total Symbiodinium RNA, which was probed with H1.9 (lanes 1 and 2), S0. Lanes M contain DNA size standards obtained by digesting genomic X clones rbcA and rbcG with various enzymes. Approximate lengths in (A) are, top to bottom, 20 (arrow), 14, 10, 7, 5, 3, 2.3, 1.9, and 1.7 (arrow) kb; in (B), 20, 11.6, and 10 kb. Other lanes contain ~4 ng total zooxanthella DNA digested with BamHI (lanes 1), EcoRI (lanes 2), Hindlll (lanes 3), Sacl (lanes 4), Kpnl (lanes 5), or Pvull (lanes 6).
(A) A blot probed with H1.9 was washed in 0.25 x SSC and exposed to film with an intensifying screen at -80°C for 72 hr.
(B) The same blot in (A) was probed with 072, washed in 0.25 x SSC, and exposed to film with an intensifying screen at -80°C for 98 hr.
tide variation among the three genes, clustered near the 5' end of the locus, focuses attention on exon 1 of rbcAt Probably, it is incomplete, as diagrammed in Figures 1 and 2 , and is preceded by another exon with which it encodes a transit peptide (see Discussion). rbcA hybridized to multiple restriction fragments of Symbiodinium DNA on gel blots. An example, using the genomic DNA from which rbcA and rbcG were isolated, is presented in Figure 5 . The complex hybridization patterns of probe H1.9 ( Figure  5A ) suggest that rbcA is part of a multigene family. Alternatively, these patterns could represent partial digestion of a single Rubisco locus. The modified bases in Symbiodinium DNA (Blank et al., 1988) , which in theory could vary from cell to cell, might possibly render this DNA only "partially digestible." Increased concentrations of restriction enzymes and longer digestion times (with fresh enzyme added at intervals) had no effect on the hybridization patterns (data not shown). Another possibility is that individual clams contain genetically heterogeneous populations of zooxanthellae (see Rowan and Knowlton, 1995) , with allelic variation at one Rubisco locus among these "strains" yielding the multiple restriction fragments.
The hybridization of genomic digests to probe D72, which is located 3'to the rbcA genes (see Figure 2 ), did not support the hypothesis of partial digestion. The predominance of single bands ( Figure 5B ) of the size predicted from the rbcA restriction map (data not shown) implies that the corresponding DNA was well digested. Minor bands of smaller sizes could represent other loci. Whether these represent different loci within one organism or allelic variation at rbcA among several taxa cannot be determined from these data.
The second hypothesis was tested by analyzing a clonal culture of a zooxanthella obtained from Tridacna squamosa (initial efforts to obtain clonal cultures from T. gigas were not successful). As shown in Figure 6A , genomic DNA from this clone exhibits about as much complexity as do freshly isolated zooxanthellae, demonstrating that multiple nbcA-hybridizing restriction fragments are a feature of one Symbiodinium genome. Moreover, this one alga contains loci similar to both rbcA and rbcG (see below). Probe D72 did not hybridize to genomic DNA from the clonal isolate, probably because it is a different species of Symbiodinium (see below).
As described above, rbcA exhibits characteristics of a nuclear gene. DNA gel blot hybridizations confirmed this suspicion. Quantitative data presented in Figure 7A demonstrate that rbcAhybridizing sequences are equally abundant in the DNA obtained from highly purified nuclei and from whole cells. If these sequences were nonnuclear, DNA prepared from purified nuclei should have a lower specific signal. The qualitative data presented in Figure 7B demonstrate that the restriction fragment complexity is equivalent in both cases, indicating that all (as opposed to most) rbcAhybridizing DNA fragments are A B
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1.9 Figure 6 . DNA Gel Blot Analysis of Total DNA from a Clonal Symbiodinium Culture.
Lanes contain ~3 ng of genomic DNA digested with Xhol (lanes 1), Apal (lanes 2), Sail (lanes 3), or BamHI (lanes 4). Lanes M contain the rbcA probe sequence (~12 pg) on cloned fragments of ~13, 4.8, and 1.9 kb and the rbcG probe sequence (~12 pg) on a cloned fragment of ~8.3 kb. Duplicate gels (one-half of a digest of ~6 ng of genomic DNA was run on each) were blotted and hybridized separately. The extent of cross-hybridization between rbcA and rbcG is shown in lanes M. (A) One blot was hybridized with the rbcA probe H1.9, washed in 0.25 x SSC, and exposed to film with an intensifying screen at -80°C for 32 hr.
(B) The other blot was hybridized with the rbcG probe S3.2 and processed as given in (A). (A) Quantitative DNA gel blot analysis. Serial dilution series (by a factor of 0.7) of undigested nuclear (Nuclear) and undigested total cell (Total) DNA (both pretreated with ribonuclease) were electrophoresed on the same gel. At top is the negative image of the ethidium bromide-stained gel before denaturation and blotting. In the middle is the blot probed with H1.9 and washed with 0.25 x SSC; signals in the first two lanes (arrow), which do not appear in the other panels, reveal ~25 and 12 pg, respectively, of the probe sequence (in an ~13-kb linearized plasmid). At the bottom is the same blot reprobed with 178-6 (a cloned, Symbiodinium nuclear ribosomal RNA gene), confirming equally efficient transfer of both nuclear and total DNAs to the hybridization membrane.
(B) Qualitative DNA gel blot analysis of nuclear (lanes 1 to 3) and total cell (lanes 4 to 6) DNA. Lanes contain ~2.5 ng of DNA digested with Hindlll (lanes 1 and 4), Pvull (lanes 2 and 5), and BamHI (lanes 3 and 6). Lane M contains the rbcA probe sequence (~12 pg) on cloned fragments of ~13,4B, and 1.9 kb (solid arrows) and the rt>cG probe sequence (~12 pg) on a cloned fragment of ~8.3 kb (open arrow). The blot was probed with H1.9, washed in 0.25 x SSC, and exposed with an intensifying screen at -80°C for 36 hr. The lesser relative intensities of larger fragments in lanes 4 to 6, as compared with lanes 1 to 3, are explained by the better integrity of the nuclear DNA, as seen in (A).
nuclear. Complementary and control hybridizations for these analyses, using purified chloroplast DNA and/or cloned sequences known to be chloroplast encoded, were precluded by our failure to purify chloroplast DNA convincingly from Symbiodinium and by the complete lack of molecular data on the chloroplast genomes of peridinin-containing dinoflagellar.es.
Taken together, the DNA gel blot analyses of Rubisco gene organization, including those presented below, indicate that rbcA is part of a nuclear, multigene family in Symbiodinium.
Analysis of rbcG
Rubisco-encoding sequences were localized by DNA gel blotting to a 5.1-kb Xbal-BamHI fragment of rbcG (data not shown). This fragment was cloned, and deletion subclones were screened (by sequencing) for homology with rbcA. One putative gene (rbcG) was located and sequenced; 3.1 kb of these data are presented in Figure 8 . Using the same interpretive reasoning as above, rbcG has an intron/exon organization like that of rbcA, summarized in Figure 9 .
The N terminus of the putative nbcG-encoded protein was assigned by apparent homology with the rbcAencoded protein. The first in-frame termination codon in the rbcG ORF extends well beyond (64 codons) that of rbcA. Compared with rbcA, intron 1 is larger and intron 2 is smaller in rtocG; there is no obvious similarity in intron sequences between the two loci. Intron 1 has been assigned to a more 5' position in rbcG, owing to a termination signal (TGA) at what would otherwise be the seventeenth codon in exon 1. Intron 2 occurs at the same position in both loci.
On RNA gel blots, the /-bcG-derived probe S3.2 ( Figure 9 ) apparently hybridizes with the same RNA that was detected by rbcA, albeit with decreased efficiency as would be expected from the sequence divergence between the two loci (comparison not shown). The smaller size of the putative rbcG ORF (one gene versus three genes) suggests that a corresponding mRNA should also be smaller, but no such RNA was detected. One explanation was provided by analyzing the genomic DNA obtained from a variety of zooxanthella isolates.
Because rbcA and rbcG cross-hybridize weakly (shown by reciprocally probing the cloned loci; Figure 6 ), the two loci are distinguishable on DNA gel blots. Although rbcA (or rbcA-like) loci were always detected (e.g., Figure 5A ), rbcG-related loci were not detected convincingly (weak signals were observed, but these can be attributed to other, e.g., rbcX\-like, loci) in Symbiodinium isolated from T. gigas. However, both loci were detected, with comparable efficiency (as determined from cloned rbcA and rbcG DNAs that were included on the blot as hybridization controls), in the clonal Symbiodinium isolate (Figure 6 ). This demonstrates that both rboA-like and rbcGlike loci are present in a single Symbiodinium genome. The simple hybridization patterns of rbcG ( Figure 6B ), compared with the more complex patterns of rbcA hybridization ( Figure  6A ), imply that the latter represent multiple loci rather than products of partial digestion.
This discrepancy between zooxanthellae freshly isolated from T. gigas (in which only rbcA could be demonstrated) and the zooxanthella cultured from T. squamosa (in which both loci were detected) correlates with a taxonomic difference. By an analysis of small ribosomal subunit RNA (srRNA) genes (data not presented), zooxanthellae obtained from T. gigas were iden-
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tified as Symbiodinium type C or occasionally as mixtures of Symbiodinium type C and a lesser (estimated at <10% of total) amount of Symbiodinium type A. (See Rowan and Powers [1991a , 1991bI and Rowan and Knowlton [1995 for details of taxonomic identification.) Post facto analysis revealed that rbcA and rbcG had been cloned from a mixed population of types A and C. The clonal isolate from 7: squamosa is Symbiodinium type A. We conclude that Symbiodinium type A-not Symbiodinium type C-contains rbcG; both types of Symbiodinium contain rbd-like loci. It is impossible to detect unambiguously (by blot hybridization) rbcG-like genes or RNA transcripts in zooxanthellae from 7: gigas because these algae are overwhelmingly Symbiodinium type C. Of course, rbcG can be polyedra Rubisco cDNA sequence (Morse et al., 1995) , and the homologous sequence from R. rubrum are compared in Figure 10 (see below).
DlSCUSSlON
This study confirms and extends previous analyses of Rubisco from Symbiodinium . Again, it is important to address the possibility that our data originate from contaminants. The locus is discussed in the text, and the diagram is in the same format as given in Figure 2 . The hybridization probe S3.2, a Sacll fragment, corresponds to the sequence in Figure 8 plus -100 bp of additional genomic DNA at either end.
Zooxanthellae freshly isolated from giant clams appeared unialgal by light microscopy and free of bacterial and animal cell contamination by epifluorescence microscopy after 4',6-diamidino-2-phenylindole (DAPI) staining. Purified zooxanthella nuclei were similarly free of detectable bacteria, and the localization of all rbcA-hybridizing sequences to these nuclei ( Figure 7 ) excludes cytoplasmic bacterial endosymbionts as the source of rbcA. Nuclear bacterial endosymbionts (e.g., Silva, 1978 ) remain a formal possibility, but none has been reported among severa1 ultrastructural studies of Symbiodinium nuclei (e.g., Blank and Trench, 1985; Blank, 1987) . Also, the high abundance and apparent polyadenylation of rbcA-hybridizing RNA and the introns in rbcA and rbcG are characteristics of eukaryotic, not prokaryotic, organisms. Analyses of srRNA genes confirmed that the zooxanthellae we studied were Symbiodinium spp, as expected (Taylor, 1969) .
Giant clams conveniently provide large amounts of healthy and exceptionally clean Symbiodinium but not without a drawback. Zooxanthellae are not necessarily clonal within an individual host or taxonomically equivalent between different individuals of the same host species. This has been demonstrated for corals (Rowan and Knowlton, 1995) and giant clams, including 7: gigas (R. Rowan, unpublished data). Analyses of srRNA genes assigned zooxanthellae from Tridacna spp to two types within the genus Symbiodinium, but because this classification is undoubtedly superficial (Rowan, 1991) , different preparations of genomic DNA or RNA could never be assumed to represent the same (or even one) species of symbiont. This caveat restricted empirical analyses of zooxanthella Rubisco genes to general features.
The general features of Symbiodinium Rubisco, however, are most interesting. Its similarity to prokaryotic form II enzymes (-54 to 65%; see below), which are only -25 to 30% similar to form I Rubisco large (L) subunits (Narang et al., 1984) , reveals an evolutionary origin among the former, like that of the free-living dinoflagellate G. polyedra (Morse et al., 1995) . All other known eukaryotic Rubiscos are homologous to the prokaryotic form l enzyme (Martin et al., 1992; Morden et al., 1992) .
lmmunological data indicate that Symbiodinium expresses only form II Rubisco , and genes encoding form I Rubisco could not be detected (by PCR) in Symbiodinium DNA, despite considerable effort (R. Rowan, unpublished data) . The distinction between Rubisco forms I and II is fundamental (reviewed in Tabita, 1988; Hartman and Harpel, 1994) . Form I enzymes are hexadecamers of equal numbers of large (L) and small (S) subunits (L&); form II enzymes are multimers of one polypeptide (LN) that is homologous to the form I L subunit. Forms I and II Rubisco probably diverged from a common ancestor long ago (Andersen and Caton, 1987) , before the emergence of (extant) photosynthetic eu karyotes. Symbiodinium Rubisco is also remarkable in being encoded by a nuclear, multigene family. Formally, rbcA (Figures 1 to   3 ) demonstrates three genes at one locus, and the analysis of a clonal culture (Figure 6 ) demonstrated at least two loci per Symbiodinium genome. DNA gel blot hybridizations (e.g., Figures 5 to 7) suggest that the actual number is larger. Other eukaryotic Rubisco L subunits are encoded by a single locus (which may be duplicated) on chloroplast genomes (Palmer, 1985; Newman and Cattolico, 1990; Reith, 1995) . Preliminary studies on A. carterae (using rbcA as a probe) also imply a nuclear, multigene organization of a form II Rubisco (data not presented; see and for related data). Morse et al. (1995) presented indirect evidence that form II Rubisco in G. polyedra is nuclear encoded but did not address gene structure or organization.
Thus, a nuclear-encoded form II Rubisco may be characteristic of typical (peridinin-containing) photosynthetic dinoflagellates (Morse et al., 1995) . Amino acid sequence data ( Figure 3 ) and RNA gel blot analyses (Figure 4 ) imply that rbcA, or similar loci, encodes the predominant Rubisco in Symbiodinium symbiotic with T gigas. The few outright discrepancies between the peptide sequences and the translated rbcA ORF (four of 132 amino acids) and ambiguities in the peptide sequences (seven of 132 amino acids) may represent taxonomic variation (genomic clones and purified protein were obtained from different populations of zooxanthellae), the expression of other Rubisco-encoding loci, or both. At the RNA level, rbcA (and/or similar loci) are abundantly expressed (Figure 4 ). An estimate of Rubisco in Symbiodinium of 1 to 2% of soluble protein , based on bound 14C-carboxyarabinitoI bisphosphate, may be regarded as a minimum because only activated enzyme binds this inhibitor (Hartman and Harpel, 1994) .
Apparently, nSc4 encodes a precursor polyprotein. An alternative interpretation, that it encodes a stable polycistronic mRNA, is considered unlikely because such mRNAs are unknown in eukaryotes, whereas polyproteins are known. Notably, these include nuclear-encoded chloroplast proteins in the green alga Euglena (reviewed in HoulnB and Schantz, 1993), namely, proteins of the light-harvesting complexes I (Houlné and Schantz, 1988) and II (Muchhal and Schwartzbach, 1992) , and the Rubisco (form I) S subunits (Chan et al., 1990; Tessier et al., 1995) . These Euglena loci encode mature proteins separated by decapeptide spacers that exhibit a bipartite structure: the N-terminal half is relatively hydrophobic and rich in Ala; the C-terminal half is relatively polar (HoulnB and Schantz, 1993). The rbc.4 spacer peptide (underlined in Figure 3 ) is larger (23 residues) but structurally similar. This motif, which is reminiscent of bacterial signal sequences, may direct the proteolytic processing of the precursor (Schiff et al., 1991; Houlné and Schantz, 1993) .
A form II Rubisco in G. polyedra (Morse et al., 1995 ) also seems to be encoded as a precursor polyprotein. A partia1 cDNA sequence (GenBank accession number L41063) encodes a Rubisco ORF preceded by the 41 C-terminal amino acids of that ORF and a 20-residue peptide similar to ( 6 0 % identity) the Symbiodinium rbcA "spacer peptide." This sequence could represent slightly more than one-third of a G. polyedra homolog of rbcA (i.e., the C terminus of rbc42, spacer, and all of rbcA3); Morse et al. (1995) did not mention the size of Rubisco mRNA in G. polyedra.
Assuming that Symbiodinium Rubisco is a chloroplast (stroma) protein, the rbcA-encoded precursor should contain a transit peptide (Keegstra et al., 1989 ) preceding rbcA7. In-frame termination codons and the absence of potential initiation (ATG) codons in the immediate vicinity suggest that part of the hypothetical transit peptide is encoded by a separate, upstream exon. FINA gel blot analyses (Figure 4 , lane 3) demonstrated upstream sequences in rbcA mRNA. The predicted peptide sequence preceding rbcA7 (VTRRA .l-the C terminus of a hypothetical transit peptide) resembles that which precedes r b d m (VARQA .l-the C terminus of the spacer peptide); this is consistent with a common mechanism of proteolysis (I) at all three mature N termini. The Rubisco S subunit precursor polyprotein in Euglena, for which the transit peptide sequence has been defined, exhibits an analogous pattern of conserved residues (Chan et al., 1990 ). An rbcG-enccded protein should also contain a transit peptide, and the preceding peptide/amino termini of the two precursors are somewhat similar (rbcA, E DSCVTR RAI L ; rbcG , E DAVAC RTIL) .
Transit peptides of chloroplast-targeted proteins in Euglena are longer than those of higher plants, perhaps because ,Euglena chloroplasts are surrounded by three, as opposed to two, membranes (Chan et al., 1990; Shashidhara et al., 1992) . Because this arrangement also exists in most dinoflagellates (Gibbs, 1990) , including Symbiodinium (Blank, 1987) , a long transit peptide is not unanticipated. One could also speculate that the triple-membrane condition favors the organization of abundant, nuclear-encoded chloroplast proteins into precursor polyproteins (Chan et al., 1990) .
A second Rubisco locus, rbcG, contains only one Rubiscoencoding sequence. This locus was detected only in Symbiodinium A, which occurs as a minor symbiont in 'I: gigas (R.
Rowan, unpublished data). SrRNA sequence data from Symbiodinium types A and C imply that they are not closely related (Rowan and Powers, 1991b, 1992; Rowan and Knowlton, 1995) , so a qualitative genetic difference is not surprising. Lacking a good supply of (pure) Symbiodinium A, we were unable to verify the expression of rbcG by RNA gel blot analysis. Likewise, nuclear DNA from Symbiodinium A has not been tested, but rbcG is probably a nuclear gene, given an exonlintron organization like that of rbcA.
lntrons in rbcA (and in rbcG) apparently represent the first intron sequences reported from dinoflagellates; rbcA intron sequences have been confirmed from cDNA clones (S.M. Whitney, unpublished data). Like eukaryotic spliceosomal introns in general, these Symbiodinium introns begin with G and end in AG, but the second nucleotide (typically T) is C or A. rbcG introns are hypotheses based on the homology of rbcG and rbcA exons. 60th ends of rbcG intron 2 are typical of eukaryotic spliceosomal introns; intron 1 ends are similar (GA; GG). None of the Symbiodinium exon-intron junctions exhibits the unusual base pairing inferred for Euglena polyprotein premRNAs (Tessier et al., 1995) .
Conceptual translations of the rbcA and rbcG ORFs, a G. polyedra Rubisco cDNA (Morse et al., 1995) , and R. rubrum Rubisco (Narang et al., 1984) are compared in Figure 10 . Here, 62 of the 64 additional C-terminal residues encoded by rbcG (Figure 8 ) are removed for simplicity.
The rbcA-encoded protein aligns to R. rubrum Rubisco with one insertion (13 residues), one deletion (two residues), an eight-residue C-terminal extension, and an overall identity of 64.4% (scoring each deletedlinserted residue as one difference and ignoring the C-terminal extension). The two proteins differ most near the (inferred) C terminus, which is a wellrecognized feature of Rubiscos (e.g., Andersen and Caton, 1987; Wagner et al., 1988) . The rbcA-encoded and G. polyedra proteins are of equal length (485 residues), align with a single one-residue gap (position 32), and are 85.6% identical. Amino acid residues that should be important to Rubisco function have been identified from sequence comparisons, three-dimensional structural analysis, and in vitro mutagenesis (reviewed in Brandén et al., 1991; Hartman and Harpel, 1994) . Seventy-four residues are conserved among both form [Brandén et al., 1991; Hartman and Harpel, 19941) are conserved. Thus, the protein encoded by hc4 resembles a typical and predictably functional Rubisco.
Rubisco catalyzes both the carboxylation and oxygenation of RuBP (Andrews et al., 1973) , at relative rates governed by an intrinsic property of the enzyme (the specificity factor, T , measuring the relative efficiency of carboxylation), temperature, and by the local concentrations of C02 and O2 (reviewed in Woodrow and Berry, 1988) . Bacterial form II Rubiscos have the lowest known values of T (Jordan and Ogren, 1981) , but because they are expressed in anoxic environments (Tabita, 1988) , their high affinity for O2 does not impede net carbon fixation. In contrast, Symbiodinium is an oxygenic phototroph, living in a sometimes hyperoxic environment (e.g., Crossland and Barnes, 1977; Dykens and Shick, 1982) . A typical form II Rubisco, acting at equilibrium with these conditions, would not yield net carbon fixation (cf. Pierce et al., 1989) .
Because Symbiodinium does fix C 0 2 (Muscatine, 1980; Streamer et al., 1993) , either its Rubisco's T is dramatically greater than that of the prokaryotic form II enzymes, or oxygenase activity is suppressed in vivo by a C02-concentrating mechanism (Hatch, 1971; Beardall, 1989) , or both. Unfortunately, the instability of Symbiodinium Rubisco in vitro has obviated the determination of its kinetic properties. Natural variation in T is a well-established fact (Jordan and Ogren, 1981; Read and Tabita, 1994) , and the -35% nonidentity of the rbcA-encoded and R. rubrum Rubiscos implies that their ' I values could differ. The participation of form II Rubisco in oxygenic photosynthesis is no less novel than its occurrence in a eukaryote, and the mechanism(s) of oxygenase suppression may also be novel.
The protein encoded by rbcG exhibits 66.2% identity with that encoded by rbcA (15 of the differences are missing residues, distributed among five deletions; Figure 10 ) but only 47.6% identity with R. rubrum Rubisco. Only 45 of the 74 highly conserved residues (above) remain, a percentage (61%) that is similar to the overall identity between rbcA-and rbcGencoded proteins. This suggests that rbcG has diverged without typical constraints. Moreover, one-half (9 of 19) of the predicted active site residues are replaced in the rbcG-encoded protein. Foremost is Lys-191 (replaced by Thr), by which Rubisco is activated upon carbamylation of its side chain (Lorimer et al., 1976) . Carbamylated Lys-191, Glu-194 (deleted in rbcG or replaced by Val), and Asp-193 (which is present) coordinate the metal ion cofactor (usually Mg2+) at the active site (Brandén et al., 1991; Hartman and Harpel, 1994) . Unactivated (noncarbamylated) Rubisco binds RuBP in the inverse orientation (Brandén et al., 1991; Zhang et al., 1994) and catalyzes neither its carboxylation nor oxygenation (Hartman and Harpel, 1994) . All five of the residues that seem to orient bound RuBP (and reaction intermediates) via hydrogen bonds to the P, phosphate oxygens (Thr-53, Asn-54, Gly-370, Gly-393, and Gly-394) are also replaced in the rbcG-encoded protein. In contrast, the P2 binding site (Arg-288 and His-321) remains intact. The other active-site replacements (Thr-330 and Glu-291) involve residues of as yet unspecified function.
Although it is difficult to imagine the rbcG-encoded protein as a "normal" Rubisco, its complete ORF (after removing two introns, as was done for rbcA)-despite numerous nucleotide substitutions and at least five interna1 deletions-with codon usages similar to rbcA (comparison not presented), argues that rbcG is maintained as a polypeptide-encoding gene. It is tempting to rationalize this paradox within the nuclear location of Symbiodinium Rubisco genes. There, gene duplication and divergence (Ohta, 1980) , and perhaps frequent recombination, should allow Symbiodinium Rubisco to evolve at rates (and in ways) that are not available to chloroplast-encoded or prokaryotic Rubiscos. For example, a homomultimeric structure (Tabita, 1988; Hartman and Harpel, 1994 ) might diversify into heteromultimeric forms. With an active site created from the N-terminal domain of one subunit and the C-terminal domain of another (Larimer et al., 1987; Brandén et al., 1991) and inactivating substitutions in rbcG (the absence of Lys-191 and Glu-194; a negative charge in the P1 binding site from Asp-393) restricted to the C-terminal domain, the polypeptide might still contribute to a functional, heteromultimeric enzyme (cf. Larimer et al., 1987) .
Whatever its role (if any), rbcGs bizarre sequence emphasizes the possibilities for diversification within a nuclear multigene family. This may be relevant to physiological issues faced by Symbiodinium. Multiple loci, expressed independently and encoding different catalytic properties, might provide one mechanism for acclimating to a complex environment (e.g., high versus low O2 within the host [Crossland and Barnes, 1977; Dykens and Shick, 19821 and symbiotic versus free living [Steele, 1977; Taylor, 19831) . Indeed, bacteria that contain two nonidentical Rubisco genes do (Tabita, 1988) or may (Viale et al., 1990; Stoner and Shively, 1993; Yaguchi et al., 1994) preferentially use one or the other under different conditions. Also, an enhanced capacity for Rubisco evolution might facilitate Symbiodinium's radiation into diverse hosts and habitats (cf. Chang et al., 1983; Rowan and Powers, 1991b; Rowan and Knowlton, 1995) . For studies that utilize natural variation to investigate structure-function relationships (e.g., Read and Tabita, 1994) , Symbiodinium might provide a wealth of material.
Eukaryotes acquired photosynthesis from prokaryotic endosymbionts that became organelles-the chloroplasts (Palmer, 1993; Whatley, 1993) . Rubisco genes excepted, plastome sequence data support the hypothesis that all (studied) chloroplasts derive from one primary eukaryote-cyanobacterium endosymbiosis (see Cavalier-Smith, 1992; Kowallik, 1992; Martin et al., 1992; Morden et al., 1992; Reith and Munholland, 1993; Reith, 1995) . Eukaryotic Rubiscos apparently derive from two sources: a cyanobacterium (for green algae, land plants, and Cyanophora paradoxa) and an a-or P-purple bacteriurn (for nongreen algae). This conflict suggests a single ancestral cyanobacterium with two Rubisco proteins (Martin et al., 1992) or that a purple bacterial Rubisco gene invaded during plastid evolution (Morden et al., 1992) . Symbiodinium and G. polyedra (Morse et al., 1995) reveal a third participant and consequently imply an ancestor with three distinct Rubisco genes, an additional gene transfer event, or an independent origin of chloroplasts among the peridinin-containing dinoflagellates.
There are no sequence data from chloroplasts of peridinincontaining dinoflagellates, and any discussion of their origin is speculative (Gibbs, 1990; Cavalier-Smith, 1992; Whatley, 1993) . Because Symbiodinium Rubisco is not plastome encoded, the current data do not address this issue directly. Of the few form II Rubiscos that have been characterized, those from the a-purple bacteria (R. rubrum and Rhodobacter [Rhodopseudomonas] sphaeroides) are most similar to those from Symbiodinium ( Table 1 ). Note that R. sphaeroides also contains a form I Rubisco that groups with those encoded by nongreen alga1 chloroplasts (Martin et al., 1992; Morden et al., 1992) . If parsimony is used for reconstructing the evolution of eukaryotic photosynthesis (Cavalier-Smith, 1992) , this observation draws attention to the a-purple (rather than the P-purple) bacteria as the source of Rubisco in all nongreen algae, including dinoflagellates.
Symbiodinium Rubisco could represent one of many genes that translocated from an evolving plastid genome to the nuclear genome (Palmer, 1993) and then diversified (e.g, Dean et al., 1989) . If the chloroplasts of peridinin-containing dino- a Amino acid sequences from Symbiodinium rbcA (SymA; Figure lO) , the a-purple bacteria Rhodospirillum rubrum (Rrub; Narang et al., 1984) , and Rhodobacter sphaeroides (Rsph; Wagner et al., 1988) , the 6-purple bacterium Thiobacillus denitrificans (Thio; GenBank accession number L37437), and the hydrogen bacterium Hydrogenovibrio marinus (Hyvi; Yaguchi et al., 1994) were aligned pairwise, as in Figure  10 . The percentage of alignment positions (between the N terminus and the C terminus of the shorter sequence) that were identical in both sequences is given; apparent deletions were scored as nonidentities for the number of positions missing.
flagellates represent a reduced eukaryotic endosymbiont (Gibbs, 1990; Whatley, 1993) , this might have occurred elsewhere, followed by the further translocation from endosymbiont nucleus to host (dinoflagellate) nucleus. Alternatively, Symbiodinium Rubisco may never have been plastome-(or plastid progenitor-) encoded; it may represent an unrelated gene transfer event. Potential sources would include endosymbiotic a-purple bacteria (Fenchel and Bernard, 1993) and the a-purple bacterial ancestor of mitochondria (Cavalier-Smith, 1992) . Only one fact is obvious: in acquiring photosynthesis, eukaryotes have also acquired the entire range of diversity in prokaryotic Ru bisco.
METHODS
Unless indicated otherwise, enzymes were from New England Biolabs (Beverly, MA) and chemicals were from Sigma. Protocols and recipes for DNA and RNA analysis were as given in Ausubel et al. (1989) .
Isolation, Culture, and ldentiflcation of Zooxanthellae Cultured clams (Tridacna gigas) from Pioneer Bay, Orpheus lsland Research Station (Queensland, Australia) were held in outdoor recirculating tanks at James Cook University. Zooxanthellae were isolated from mantle tissue by repeated washing with filtered (0.45 or 0.22 pm) sea water, as described by . The absence of contamination by animal tissue or bacteria was confirmed by examining 4',6-diamidino-2-phenylindole (DAPI)-stained subsamples (Coleman, 1980) by epifluorescence and phase contrast microscopy. Except for those presented in Figure 6 , all data were obtained from freshly isolated zooxanthellae. A clonal culture of Symbiodinium was established from 7: squamosa collected at Davies Reef, Great Barrier Reef, Australia. Algae were obtained by grinding a small biopsy of mantle tissue in filtered (0.22 pm) sea water, filtering the homogenate through a nylon mesh (50 pm), and washing five times in sterile sea water. Single cells were isolated by hand picking. The clone used in this study (designated SQ3A) was grown in f/2 medium (Guillard, 1975) under fluorescent lights (80 to 100 pE m-2 sec-l) on a 12-hr-light/l2-hr-dark photoperiod at room temperature (23 to 28OC), with transfers every 3 to 5 weeks. Each subculture was treated with antibiotics (penicillin G, 100 pglmL; streptomycin sulfate, 50 pglmL; chloramphenicol, 10 pglmL) for the first 3 days (two treatments of 36 hr each), as described by McLaughlin and Zahl(l959) . For DNA, 1-L cultures were harvested by centrifugation after 4 to 6 weeks of growth.
The identity of zooxanthellae was established by analyzing small ribosomal subunit RNA (srRNA) genes, as described by Rowan and Knowlton (1995) and Rowan and Powers (1991a, 1991b) , using universal polymerase chain reaction (PCR) primers. Diagnoses were based on the restriction fragment patterns obtained with Dpnll, Haelll, and Taql by using previously cloned and sequenced Symbiodinium srRNA genes (Rowan and Powers, 1992; Rowan and Knowlton, 1995) as reference.
Protein Purification and Sequencing
Ribulose-I ,5-bisphosphate carboxylaseloxygenase (Rubisco) was purified from zooxanthellae as described by . Peptides were generated with cyanogen bromide (Promega Corporation, Madison, WI) and with endoproteinase Lys-C (sequencing grade; Promega) and isolated on membranes, using the Probe-Design peptide separation system (Promega), according to the manufacturer's protocols. Peptide sequences were determined using an Applied Biosystems protein sequencer (model no. 477A).
lsolation of DNA from Zooxanthellae
Zooxanthellae were suspended in approximately two volumes of STE (0.15 M NaCI, 10 mM Tris-HCI, and 1 mM EDTA, pH 8.0) and frozen and ground to a fine powder under liquid nitrogen. This was mixed gently into 4 5 volumes of preheated (60°C) 5 M guanidine thiocyanate, 50 mM DTT, 50 mM Tris-HCI, 20 mM EDTA, pH 7.5, and 1% (w/v) sarkosyl. After 30 min at 6OoC, 0.25 g of CsCl was added per milliliter and allowed to dissolve, and the lysate was centrifuged at 59009 for 5 min at 2OoC to pellet debris. Clarified lysate was layered onto 4-mL cushions of 5.7 M CsCl prepared in STE in SW41 centrifuge tubes(Beckman Instruments, Fullerton, CA), and the filled tubes were centrifuged in a Beckman SW41 rotor at 32,000 rpm at 15OC for 24 hr. DNA, banding above the cushion. was recovered and diluted with approximately eight volumes of a 1:l (w/w) mixture of STE and CsCI. This was centrifuged to density equilibrium in a Beckman Ti 65 rotor at 15OC, and the purified DNA was recovered and dialyzed exhaustively against TE (10 mM Tris-HCI and 0.5 mM EDTA, pH 8.0) at 4OC. Yields averaged 4 2 0 pg of DNA from 109 cells.
For comparison with nuclear DNA(below), whole-cell DNA was prepared as follows. Frozen and powdered zooxanthellae (as given above) were mixed into -20 volumes of prewarmed (6OOC) 0.15 M NaCI, 50 mM EDTA, 10 mM Tris-HCI, pH 7.8, and 1% (w/v) SDS. After 30 min at 6OoC, the lysate was placed at 45OC, proteinase K (Promega) was added to a final concentration of 0.25 mg/mL, and the lysate was incubated for 8 hr. Next, NaCl was added to a final concentration of 0.8 M, hexadecyltrimethylammonium bromide was added to 1% (w/v), and the lysate was incubated at 65OC for 1 hr with occasional mixing. After sequential extractions with equal volumes of chloroform, phenolchloroform (1:l [VIVI). and chloroform again (all at room temperature), nucleic acids were precipitated with ethanol. The precipitate was washed in 70% ethanol, air dried, dissolved in TE, and stored at 4OC. Yields averaged -80 pg of DNA from 109 cells. Contaminating RNA was removed by digestion with ribonuclease A (Sigma; 50 wg/mL final concentration). lsolation of Nuclear DNA from Zooxanthellae Nuclei were obtained from freshly isolated zooxanthellae, using a method adapted from Rizzo and Nooden (1973) . All steps were at O to 4OC except as indicated.
Approximately 3 x 108 washed cells were suspended in 5 mL of nuclear isolation buffer (NIB; 0.25 M sucrose, 10 mM Tris, pH 7.2, 5 mM CaCI2, 5% [wlv] Dextran T-40 [Pharmacia, Uppsala, Sweden], and 2.5% [wlv] Ficoll [Type 4001). The slurry was added dropwise to liquid nitrogen in a mortar, ground to a fine powder, and then added to 20 mL ice-cold NIB plus Triton X-100 (0.12% [v/v] ). The frozen paste was stirred until thawed and then sonicated at low power two or three times for 10 sec each. Cells were monitored by staining with DAPI and epifluorescence microscopy: liberated nuclei stained intensely and exhibited the typical dinokaryotic morphology (Spector, 1984) . Good preparations exhibited one to two free nuclei per remaining intact cell, and further sonication decreased the yield of nuclei.
The sonicate was mixed with 6 mL of 2.2 M sucrose prepared in TCT (10 mM Tris, pH 7.2, 5 mM CaCI2, and 0.1% [v/v] Triton X-100) and centrifuged at 5900s for 15 min. The pellet (nuclei, cells, and cell debris) was completely resuspended in 18 mL of NIB plus 0.1% [vk] Triton X-1OO.One-fourth of this sample was layered onto 9 mL of 2.2 M sucrose in TCT in each of four SW41 centrifuge tubes (Beckman Instruments). The interface between the two sucrose layers was stirred. and the samples were centrifuged in an SW41 rotor at 8000 rpm for 45 min. Nuclear pellets were recovered by removing the overlaying gradient in aliquots, washing the sides of the tubes (severa1 times) with icecold TCTS (TCT plus 0.15 M NaCI) after each removal. The nuclei were resuspended in 4 mL of NIB and appeared to be pure by epifluorescence (DAPIstained) and phase contrast microscopy.
Purified nuclei were collected by centrifugation at 59009 for 6 min and resuspended in 5 mL of 0.1 M NaCl and 50 mM EDTA, pH 8.0. At room temperature, SDS was added to 1% (w/v), proteinase K was added to 0.25 mglmL, and the lysate was incubated at 5OoC for 3 to 4 hr. After extracting three times with an equal volume of phenolchloroform (1:l [vlv]), nucleic acids were recovered by ethanol precipitation, washed in 70% ethanol, resuspended in 2 to 3 mL of TE, and stored at 4OC.
RNA lsolation
Severa1 methods were used to isolate zooxanthella RNA, with varying degrees of success; the following protocol consistently yielded relatively undegraded RNA.
Working quickly at room temperature, zooxanthellae were isolated from a single clam with one wash in filtered sea water. The cells were frozen and ground (as above) and blended into -30 volumes of a 2:l (vhr) emulsified mixture of LTE buffer (0.4 M LiCI, 50 mM Tris-HCI, 25 mM EDTA, pH 7.5) and phenol (preheated to 5OoC), using a tissue homogenizer (Tekmar, Cincinnati, OH) until nonviscous. At room temperature, onethird volume of chloroform was added, and homogenization was repeated. After centrifugation at 59009 for 15 min at room temperature, the aqueous phase was recovered, and the organic phaselinterface was extracted with one-half volume of LTE, which, after recentrifugation, was combined with the first aqueous phase. This was extracted twice more with a 1:l (v/v) mixture of phenolchloroform, and nucleic acids were precipitated by adding 2.5 volumes of ethanol.
The precipitate was dissolved in -25 times the original cell volume of HES buffer (20 mM Hepes, 5 mM EDTA, pH 7.2, and 1% [w/v] sarkosyl; pretreated with diethyl pyrocarbonate). This was layered onto 5-mL cushions of 5.7 M CsCl in HE buffer (HES minus sarkosyl) in SW41 centrifuge tubes, and the filled tubes were centrifuged in a Beckman SW41 rotor at 32,000 rpm at 15OC for 24 hr. RNA pellets were collected and resuspended in HES, and this solution was extracted twice with an equal volume of phenol-chloroform (1:l [v/v] ). After that, the RNA was stored as an ethanol precipitate at -2OOC. Yields averaged -0.4 mg of RNA from 109 cells.
DNA Gel Blot and RNA Gel Blot Hybridizations
DNAs were electrophoresed through 0.7% agarose (Seakem LE; FMC BioProducts, Rockland, ME) gels in TAE buffer, and RNAs were electrophoresed through 1% agarose formaldehyde gels, as described by Ausubel et al. (1989) . Nucleic acids were transferred to nylon membranes (Hybond N; Amersham, Arlington Heights, IL) by capillary action. DNA blots were prehybridized and hybridized in aqueous solutions at 65OC; RNA blots were prehybridized and hybridized in 50% formamide solutions at 4OOC. Blots were washed in dilutions (see legends to Figures 4 to 7) of SSC (1 x SSC is 0.15 M NaCI, 0.015 mM sodium citrate, pH 7.5) or SSPE (1 x SSPE is 0.15 M NaCI, 10 mM sodium phosphate, 1 mM EDTA, pH 7.5) at the temperature of hybridization. RNA length markers (Promega) were visualized by reprobing the blots with 32P-labeled cDNA that was obtained by random-primed reverse transcription of marker RNA.
Probes S0.45, SP, H1.9, and D72 ( Figure 2 ) were isolated by molecular cloning (confirmed by sequencing) and then obtained as restriction fragments or as PCR-amplified (using universal forward and reverse sequencing primers) inserts. Probe SP was isolated as a Pvull fragment that included 396 bp of vector (pGEM-3Zf [+I; Promega); the corresponding Pvull fragment from nonrecombinant vector DNA did not hybridize to zooxanthella RNA in parallel controls (data not shown). Probe S3.2 ( Figure 9 ) was a Sacll restriction fragment from a larger genomic clone. For quantitative DNA gel blot hybridizations ( Figure  7 ), a nuclear-encoded srRNA gene from Symbiodinium (probe 178-6) was used to measure Symbiodinium DNA independently on the membrane; it was obtained by PCR amplification from an M13 clone (Rowan and Knowlton, 1995) . Probe DNAs were purified by agarose gel electrophoresis and GeneClean II (Bio 101, Vista, CA), labeled with 32P-dATP (Amersham) to > 5 x 108 cpmlpg, and used at a concentration of 106 cpm per mL of hybridization solution. ng of zooxanthella DNA and 2.5 units of AmpliTaq DNA polymerase (Roche Molecular Systems. Branchburg, NJ) in a volume of 40 or 80 pL. Thirty cycles of 94°C for 1 min, 5OoC for 1 min, 72OC for 1 min (8 min on the last cycle) yielded a product that was purified using GeneClean II and cloned into the vector pGEM-3zf(+) (Promega).
lsolation of Genomic Clones
Approximately 4 pg of zooxanthella DNA was digested with various restriction enzymes and analyzed by DNA gel blotting to identify fragments for cloning into h vectors. Then, -250 pg of DNA were digested with BamHl and size fractionated in sucrose gradients. Appropriate fractions were identified by agarose gel electrophoresis and blot hybridization, ligated to BamHI-digested EMBL3 vector DNA (Promega), and packaged in vitro (Amersham); the resulting subgenomic library was plated on bacterial strain KW251 (Promega). Plaques (2 x 105) were screened by filter hybridization to the cloned PCR product.
Clone Characterization and DNA Sequencing DNA was isolated from recombinant bacteriophage grown on lawns of KW251 and mapped with severa1 restriction enzymes, and fragments that hybridized to the PCR clone were identified by DNA gel blotting. These were cloned into either pGEM3zf (+) (Promega) or pBluescriptll SK-or KS+ (Stratagene) as required and then deleted progressively from one end, using exonuclease 111 and mung bean nuclease. DNAs were sequenced on both strands primarily from these sets of deletion subclones, using Sequenase kits (United States Biochemical); gaps were filled using additional primers and additional subclones. Sequence data have been submitted to GenBank (accession numbers are U43532 for rbcA and U43533 for rbcG).
